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ABSTRACT

Three isoforms of nitrate reductase (NR) are present in wild-type soybean Glycine
max (L.) Merr. variety Williams. One isoform is nitrate-inducible (iNR), while the other

two (c 1NR and c2NR) are termed constitutive. In this study, the regulation of the activities
of these isoforms by protein phosphorylation was investigated. Phosphorylation was
detected indirectly, based on the sensitivity of the enzyme to magnesium inhibition and
directly, through the 32P-labeling of the NR protein. The magnesium inhibition assays
indicated that protein phosphorylation occurs in all three isoforms. Through time, slight
variations in phosphorylation were observed in iNR and in the NADH-specific constitutive
isoform (c 1NR) but not in the NAD(P)H-dependent isoform (c2NR), implying that factors
aside from phosphorylation are also involved in the regulation of soybean NR activities.
Light, however, was shown to have no significant effect on the phosphorylation of soybean
NR. The

32

P-labeling studies revealed the presence of two distinct bands which may

correspond to fragments of the NR protein.. These results suggest that soybean nitrate
reductase undergoes phosphorylation and further support the regulatory role of protein
phosphorylation in soybean nitrate assimilation.

vm

CHAPTER I
INTRODUCTION

The nitrogen used by higher plants for the formation of amino acids and in the
reactions in nitrogen metabolism is derived mainly through the nitrate assimilation
pathway. In this pathway, inorganic nitrogen is converted to organic form through a series
of reduction reactions which takes place in the leaves of most plants (Campbell and
Smarrelli, 1986):
217

6e-

N03- ------> N02- ------>NH/------> Glutamate

Nitrate reductase (NR) is the enzyme which catalyzes the reduction of nitrate into
nitrite. It can utilize reduced pyridine nucleotides (NADH and/or NADPH), flavin, or
benzyl viologen as reductants. NADH, however, is the most commonly used electron donor
for the reaction (Hageman and Hucklesby, 1971 ). The enzyme appears to be oxidized in its
resting state and becomes reduced as electrons are transferred from its reductant reaction site
to a physically separated nitrate-reducing site (Campbell and Smarrelli, 1978).
Nitrate assimilation is an energetically expensive pathway. It requires eight electrons
which correspond to 20 % of the electrons produced via photosynthesis (Kaiser and Huber,
1994). Therefore, the expression and activity of the enzymes involved would be expected to
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be highly regulated. Since nitrate reductase catalyzes the rate-limiting step in the pathway,
the control of this enzyme serves as the key site in the regulation of nitrate assimilation
(Campbell and Smarrelli, 1986; Prosser and Lazarus, 1990). Moreover, nitrate reduction
must be tightly controlled to prevent the accumulation of nitrite, which is both cytotoxic and
mutagenic (Kaiser and Huber, 1994).
Studies on lentil and mungbean showed a high correlation of nitrate reductase activity

(NRA) with seed yield and protein (Akhtar et al., 1984; Ansari et al., 1985). Furthermore,
transgenic Arabidopsis with an overexpressed NR gene exhibited increased protein content
and biomass production together with higher NRA (Nejidat et al., 1996). Thus, regulating
the activity ofNR with the aim of improving nitrate assimilation has significant implications

in enhancing crop production and protein content aside from its relation to the overall
nitrogen nutrition in plants (Beevers and Hageman, 1980). A more efficient assimilation of
nitrate also means a great reduction in the requirement for nitrogen fertilizers (Crawford,
1995).
The major purpose of this study was to investigate the regulation of the activities of
the three forms (one inducible and two constitutive) of nitrate reductase in wild-type soybean

Glycine max (L.) Merr. (variety Williams). Particularly, it aimed to determine whether the
soybean nitrate reductases can be regulated by protein phosphorylation. Two approaches
were used in detecting the phosphorylation of soybean NR : indirectly, through its sensitivity
to magnesium inhibition and directly, by examining the 32P-labeling of the enzyme.

CHAPTER II
REVIEW OF RELATED LITERATURE

A. Basic Studies on Nitrate Reductase

Nitrate reductase has been extracted from various sources such as leaves, petioles,
stems, shoots, cotyledons, aleurone layers (barley), scutella (com), glumes (pod com), husk
(com) and cultured cells (tobacco pith) (Hageman and Hucklesby, 1971). It is mainly located
in the cytosol of root epidermal and cortical cells and shoot mesophyll cells (Ruffy et al.,
1986; Vaughn and Campbell, 1988; Federova et al., 1994). Studies using differential
centrifugation and marker enzymes earlier demonstrated that leaf nitrate reductase is a
cytoplasmic enzyme (Ritenour et al., 1967). Through immunogold labeling, root nitrate
reductase in com was also shown to be localized in the cytoplasm. The labeling studies,
however, further revealed a positive signal for the enzyme in the plastid fraction (Federova
et al., 1994 ). An investigation has also been conducted in determining the chromosomal
location of the NAD(P)H:nitrate reductase genes for barley, rye, wheat and Aegilops
umbellulata (Kilian et al., 1992).
Aside from catalyzing the NAD(P)H-dependent reduction of nitrate, nitrate reductase
also possesses two types of partial activities : a diaphorase activity and a terminal reductase
activity. The NADH-dependent reduction of cytochrome c is considered a diaphorase
3
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activity, while the nitrate reduction by electron donors such as methyl viologen is a terminal
activity. Further, the enzyme can catalyze the reduction of ferricyanide and the nitrate
reduction by flavins and benzyl viologen (Smarrelli and Campbell, 1979; Guerrero et al.,
1981; Dunn-Coleman et al., 1984; Caboche and Rouze, 1990; Solomonson and Barber,
1990). Other alternate functions of nitrate reductase include: reductive cleavage of iron
siderophores, dissimilatory release of molecular oxygen, and chlorate reduction (Shrivastava,
1992).
The structure of nitrate reductase has been investigated in some higher plants such as

Arabidopsis, barley, pea, petunia, soybean, spinach, squash and tobacco. Crude enzyme
extracts were subjected to native or SDS-PAGE and then to Western blotting using barley
nitrate reductase antiserum. It was revealed that nitrate reductase is a homodimer with
subunits ranging from 110 to 140 kD (Narayanan et al., 1985). Each subunit contains three
functional domains with the following prosthetic groups or cofactors: flavin (FAD), heme-Fe
(cyt b ), and molybdenum-pterin (MoCo). These groups act as electron carriers from the
reductant oxidation site to the nitrate reduction site (Campbell and Smarrelli, 1986; Warner
and Kleinhofs, 1992; Hoff et al., 1992). The electrons are transferred from the reductant to
the C-terminal FAD domain, then through the central heme domain and to the N-terminal
MoCo domain where nitrate is reduced. The interactions of the subunits in the holoenzyme
are believed to be mediated by the MoCo domain (Solomonson and Barber, 1990). The
positive potential the heme domain possesses is believed to influence the transfer of electrons
from this domain to the MoCo domain. This transfer of electrons may be the rate-limiting step
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in nitrate reduction (Cannons and Solomonson, 1994). Both FAD and the heme domains are
involved in the diaphorase activities of the enzyme, while the heme and MoCo domains
participate in the terminal activities (Caboche and Rouze, 1990; Solomonson and Barber,
1990).
Recent studies on a cloned NR gene made it possible to deduce the amino acid
sequence of higher plant nitrate reductase. The enzyme was found to contain about 900 amino
acid residues resulting to a molecular size of approximately 100 kD (Campbell and Kinghorn,
1990; Solomonson and Barber, 1990; Rouze and Caboche, 1992). The cofactor binding
regions of this NR polypeptide were observed to be similar in sequence among the nitrate
reductases of higher plants, fungi and alga. However, three regions showed high sequence
variability: a region containing acidic residues at the N-terminus and the two "hinge" regions
located between the cofactor-binding regions (Campbell, 1996).
The elucidation of the complete structure of nitrate reductase still needs to be done by
crystallization and x-ray diffraction analysis. However, due to the limited quantities of pure
nitrate reductase available, the complex structure of the protein, and its large size, the
crystallization ofNR has not been successful. Recently, recombinant protein technology has
been used to generate fragments of the NR protein. For example, the recombinant com CbR
fragment has been produced in high amounts, purified, crystallized and then subjected to xray diffraction analysis to examine its three-dimensional structure (Hyde and Campbell, 1990;
Lu et al., 1994). In squash, the recombinant CcR fragment has also been generated (reviewed
by Campbell, 1996). A more recent recombinant study has succeeded in producing low levels
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of the active holo-NR using Arabidosis cDNA in P. pastoris (Su et al., 1996).
In plants, two types of nitrate reductases have been observed: a NADH-dependent NR

and a NAD(P)H-bispecific NR. Most plants possess the NADH:NR, while only a few have
the bispecific type. However, some plants contain both types. (Beevers et al., 1964; Hageman
and Hucklesby, 1971; Redinbaugh and Campbell, 1985; Hoff et al., 1992) NADPHdependent NR has been observed in rice, com, barley and soybean (reviewed by Streit et al.,
1985). The type of species and the kind of metabolic activities occurring in the plant before
sampling are two factors which may influence the relative amounts of the two types of nitrate
reductase found (Evans and Nason, 1953; Sims et al., 1968).
Based on crystallization studies of the FAD domain, the type of pyridine nucleotide
which binds to the enzyme may be attributed to certain residues in this domain. Negatively
charged aspartic acid and glutamic acid residues found in the FAD domain ofNADH-specific
nitrate reductases may prevent the binding of NADPH possessing a negatively charged 2'
phosphate. On the other hand, the NADPH-dependent nitrate reductases have either a serine
or a threonine which lacks a negatively charged side chain that can interfere with NADPH
binding (Lu et al., 1994). Another study has implicated residues far from the NAD(P)H
binding site in determining the type of reductant used (Schondorf and Hatchtel, 1995).

B. Soybean Nitrate Reductase

Earlier studies on soybean nitrate reductase were on its structure and inhibitors such
as pHMB(p-hydroxymercuribenzoate) and cyanide. The first isolated and purified nitrate
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reductase from soybean leaves was the NAD(P)H-bispecific form (Evans and Nason, 1953;
Nicholas and Nason, 1955). Subsequently, two enzyme activities with different ratios of
NADPH- to NADH-dependent activities were observed. This suggested that soybean leaves
possess both an NAD(P)H:NR and an NADH:NR (Campbell, 1976; Jolly et al., 1976).
Moreover, soybean cotyledons have been shown to contain both types of nitrate reductase
(Beevers et al., 1964). In a related study, different results were obtained when greening
cotyledons and norflurazon-treated cotyledons of soybean were treated with nitrate and with
tungstate. In the greening cotyledons, NRA had a pH optimum of 6.5, did not require nitrate,
and was not inhibited by tungstate. The norflurazon-treated ones, however, exhibited an
activity with a pH optimum of 7.5, a requirement for nitrate, and a sensitivity to tungstate

inhibition. These results suggested that different forms of soybean nitrate reductase were
induced (Kakefuda et al., 1983).
Further investigations revealed that soybean possesses three isoforms of nitrate
reductases which differ in nitrate requirement, reductant specificity and pH optima. Two
forms showed activity in leaves not supplied with nitrate, while the other form strictly
required nitrate. The first two forms are termed constitutive and the latter is inducible. One
of the constitutive forms utilizes NADH as electron donor (designated as c 1NR) while the
other form can use either NADH or NADPH (designated as eiNR). Both forms exhibit a pH
optimum at 6.5. The inducible form (iNR), on the other hand, has a pH optimum at 7.5 and
NADH as its sole electron donor (reviewed in Smarrelli et al., 1987). In soybean cotyledons,
younger ones (5- to 8-day old) exhibited a higher NADH-dependent NRA, as compared to
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older ones (9-to 14-day old) which had a more active NAD(P)H-bispecific nitrate reductase
(Orihuel-Iranzo and Campbell, 1980).
Studies making use of nitrate reductase mutants which lack the constitutive forms
have provided more evidence that soybean possesses multiple forms of the enzyme. Using
enzyme extracts from nr 1 mutants (lacking both c 1NR and c2NR) and wild-type soybean, it
was further demonstrated that three distinctive isoforms of nitrate reductase are present in
soybean. Two of these forms are termed constitutive, while the other form is nitrate-inducible
(Streit et al., 1985). lmmunochemical studies using Blue Sepharose column chromatography,
Western blotting and PAGE have also been done on the three isoforms obtained from nr 1
mutant, wild-type soybean, and an unrelated cultivar (Prize). From these studies, the
NAD(P)H:NR was shown to be the constitutive form while the NADH:NR to be the inducible
form (Robin et al., 1985). These three isoforms have been compared using samples from
mutant and wild-type soybean. Similar to other nitrate reductases, these isoforms were found
to exhibit partial activities (NADH-cyt c reductase activity, reduced flavin mononucleotide
NRA, and reduced methylviologen-NRA), sensitivity to pHMB and cyanide inhibition, and
ability to complement a MoCo defective NR (Nelson et al., 1986).
The three soybean nitrate reductase forms have been purified using Blue Sepharoseand hydroxylapatite-column chromatography. With wild-type soybean leaves as source, the
two constitutive forms were eluted from the column using NADH or NADPH. The inducible
form, extracted from the leaves of nr1 mutants, was eluted using NADH. Analysis of the
active fractions confirmed the pH optima and the preferred reductant of the three isoforms.
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The constitutive forms exhibited similar sedimentation properties and electrophoretic
behavior. However, the NAD(P)H-bispecific constitutive form had a higher apparent
Michaelis constant for nitrate (Km of 5 mM) than the NADH-dependent one (Km of 0.19
mM). The inducible form showed less mobility on polyacrylamide gels and the lowest Km
apparent value (0.13 mM) among the three (Streit et al., 1985).
Based on the low apparent Km value and thus, the higher affinity for nitrate, the
NADH-dependent forms were postulated to be responsible for most of the nitrate reduction
in soybean. The lower affinity for nitrate of the NAD(P)H:NR could mean an auxiliary
nitrate-reducing activity for this isoform. It may function for nitrate reduction when the
NADH:NR is inhibited by high nitrate concentrations (Campbell, 1976).

Species of Leguminosae were investigated for the presence of constitutive NRA. Out
of lOlspecies, only those from the two tribes Papilionoideae and Phaseoleae exhibited such
an activity (Andrews et al., 1990). The constitutive forms of nitrate reductase have been
suggested to be encoded by a single nuclear gene. This was based on breeding studies
involving crosses between wild-type soybean and mutants lacking the constitutive forms
(Ryan et al., 1983). The absence of a constitutive activity might be due to mutations in either
the structural gene(s) or regulatory gene(s) of the constitutive nitrate reductase apoprotein or
in a gene for an unknown cofactor requirement (Robin et al., 1985; Streit et al., 1985). In
contrast, nitrate inducibility in NR has been hypothesized to be due to the presence of cisacting regulatory regions in the promoter of the NR gene, as observed in Arabidopsis
(Rastogi et al., 1993; Lin et al., 1994).
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c.

Purification of Nitrate Reductase
Earlier purification procedure for nitrate reductase from marrow cotyledons and from

com and spinach leaves made use of ammonium sulfate precipitation, gel chromatography
(e.g. calcium phosphate) and column chromatography (DEAE-cellulose).

Agarose or

acrylamide gel electrophoresis, isoelectric precipitation and sucrose density centrifugation
were also found to be useful in purifying the enzyme. Solvent precipitation and resin
chromatography, both of which can inactivate the enzyme, and molecular exclusion
chromatography were found to be ineffective. (reviewed in Hageman and Hucklesby, 1971)
Affinity chromatography using a ligand specific for the enzyme has also been employed in
purifying nitrate reductase. However, early purification schemes resulted only in partial
purification and in low recovery of total activity (reviewed in Campbell and Smarrelli, 1978).
On the other hand, the Blue Sepharose method was demonstrated to be capable of rapidly
purifying plant nitrate reductase with high specific activity, reasonable recovery of total
activity, and high yield. Blue Sepharose which acts as a ligand binds the NADH site of the
enzyme (Campbell and Smarrelli, 1978).
The nitrate reductase of soybean was originally isolated and purified from primary
leaves. This enzyme had a pH optimum of 6 and could utilize NADH and NADPH equally
well, thus designating it as NAD(P)H:NR (Evans and Nason, 1953). Later on, DEAEcellulose and Blue Dextran Sepharose were used to separate and purify the two forms
(NADH-dependent and NAD(P)H-bispecific) of nitrate reductase from soybean leaf extracts
(Campbell, 1976; Jolly et al., 1976; Robin and Campbell, 1984). Upon purification, these two
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forms were characterized based on their pH optima, Km apparent values, and preferred
electron donor. Cysteine or another thiol-reducing agent was found to be required in the
extraction of the NADH-dependent nitrate reductase (Beevers et al., 1964).
Some studies have made use of mutant and wild-type soybean plants to separate and
isolate the constitutive and the inducible forms (Nelson et al., 1984). However, a rapid and
simple method to separate and partially purify the three nitrate reductase forms from a single
soybean genotype has been devised.

This allows the relative quantification and

characterization of the three isoforms. In this method, Blue Sepharose chromatography is
first employed to separate the constitutive NAD(P):NR from the two NADH:NR (constitutive
and inducible) extracted from wild-type soybean leaves. The two NADH-dependent isoforms
are subsequently purified by fast protein liquid chromatography (FPLC) using a mono

Q

column (Streit et al., 1987).

D. Regulation of Nitrate Reductase Activity in Soybean
In general, the activity of nitrate reductase can be regulated both at the gene level and
protein level in response to several factors.

The former involves modulation of gene

expression, while the latter includes de novo synthesis and degradation of the protein and
posttranslational modifications such as reversible protein phosphorylation. Some of the
factors which can influence these levels of regulation are nitrate, light, levels of C02 ,
circadian rhythms, plastidic factors, metabolites such as sucrose and glutamine , and other
environmental factors (reviewed in LaBrie and Crawford, 1994, Huber et al., 1994, Kaiser
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et al., 1993, MacKintosh et al., 1995). The activity of nitrate reductase is also dependent on
the tissue/organ type and position, developmental stage of the plant, photoreceptors,
photosynthetic pigments, reduced nucleotides, A TP:ADP ratios, polyribosome levels, and
specific inhibitors (e.g. pHMB, cyanide, tungsten) and activators (Evans and Nason, 1953;
Hageman and Hucklesby, 1971; Harper and Hageman, 1972; Aslam, 1982; reviewed in
Kakefuda, 1983). The complex regulation of nitrate reductase functions in integrating nitrate
assimilation with photosynthesis and carbon metabolism. For instance, ammonia fixation
requires carbon skeletons and nongreen tissues need energy from reduced carbon (reviewed
by Crawford, 1995).
The role oflight as a modulator of nitrate reductase activity was investigated in vivo
in soybean leaves. At the end of the dark period, 95% of the initial activity of the enzyme was
lost. But reexposure to light rapidly increased the activity. Furthermore, the rate of increase
in activity was found to be proportional to the intensity of the light. (Nicholas et al., 1976)
Another study showed that even shading could decrease the activity of nitrate reductase
(Hageman et al., 1961). Temperature was demonstrated to influence the decrease of in vivo
enzyme activity in the dark. Lower temperature can slow down the rate of decline in activity.
In the presence of light, however, the rate of increase in activity is independent of the
temperature (Nicholas et al., 1976). Another study on the influence of light particularly on
the constitutive nitrate reductase activity of soybean and other Leguminosae species again
revealed a higher enzyme activity in the presence of light (Andrews et al., 1990).
The inhibitory effect of magnesium on the phosphorylated state of nitrate reductase
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has also been observed in vitro. This divalent ion, however, was found to have no effect on
the nonphosphorylated form of the enzyme (Kaiser and Brendle-Behnisch, 1991 ). It has been
postulated that during Mg2+ inhibition, the ion binds to the negatively charged phosphate
groups of the phosphorylated enzyme. This renders the enzyme inactive. A model on this
mode of regulation has been proposed with the potential roles played by metabolites and
auxiliary enzymes such as protein kinases and phosphatases described (Kaiser and Huber,
1994).

An investigation has been done on the effect oflight specifically on the phosphorylation
of the soybean nitrate reductase protein (Santucci, 1994). Although all three isoforms from
the wild-type species were studied, emphasis was placed on the inducible form. The study
looked into the possible correlation of the phosphorylation state of the enzyme with light and
also with the steady-state NR mRNA levels. The phosphorylation of the enzyme was
indirectly determined through an inhibition assay using magnesium (Mg2+). A lower enzyme
activity in the presence of Mg2+than without Mg2+was used as an indicator that the enzyme
is phosphorylated.
The -Mg2+ to +Mg2+ ratios of NRA suggests that all three isoforms were constantly
phosphorylated but to varying degrees. The fluctuations in the ratios were observed both in
the light and in the dark, suggesting that the influence of light on the phosphorylation state
of the enzyme cannot be clearly defined. Moreover, no correlation was seen between the
levels of soybean mRNA and the phosphorylation of the inducible form of nitrate reductase.
The study concluded that the three isoforms of soybean nitrate reductase can be regulated via
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a protein phosphorylation mechanism wherein the role of light remains unclear.
Another means of regulating the activity of soybean nitrate reductase is by metabolite
control. The effects of different nitrogen sources such as nitrate, glutamine, ammonia, and
urea on the inducible activity of the enzyme were investigated using whole plants, leaves,
root cells, cotyledon cultures, and cultured cells (Curtis, 1985; reviewed in Curtis, 1985;
Smarrelli et al., 1987). Subsequent studies were conducted on the effects of metabolites such
as nitrate and glutamine on the steady-state mRNA levels and the transcriptional activity of
the inducible nitrate reductase (Smarrelli et al., 1987; Callaci and Smarrelli, 1991). Using
wild-type soybean and constitutive mutants, another study compared the metabolite control
of the three nitrate reductase isoforms. The protein levels and activities of the enzyme were
observed in response to varying nitrogen sources. Results showed induction by nitrate and
repression by glutamine on the inducible isoform. (Santucci, 1994)

E. Regulation of Nitrate Reductase Activity in Other Plants
The roles of ATP, AMP and divalent ions such as Mg2+ and Ca2+ in modulating nitrate
reductase activity were studied in spinach leaves. Preincubation of the enzyme extract in
ATP and Mg2+ led to the inactivation of the enzyme. The addition of nonhydroly:zable ATP
analogs, however, did not affect the activity of the enzyme. This suggested the occurrence
of ATP hydrolysis during the regulation. On the other hand, either preincubation with AMP
or the removal of ATP and Mg2+ by gel filtration or chelation with EDTA could reactivate
the enzyme. Thus, the reversible phosphorylation of the nitrate reductase protein was

15
proposed as a mechanism of regulating its activity. (Kaiser and Spill, 1991; Kaiser and
Brendle-Behnisch, 1991 ).
Through ammonium sulfate fractionation (Spill and Kaiser, 1994) and/or Blue
Sepharose chromatography (MacKintosh, 1992), the proteins believed to mediate the
inactivation of nitrate reductase via phosphorylation were separated from the NR protein.
Two active fractions which could inactivate the purified enzyme were obtained by anionexchange chromatography and gel filtration. One fraction (P67) was found to contain a
protein kinase activity as determined by its ability to phosphorylate in vitro histone III S. The
other fraction (P 100) showed little or no kinase activity. Both proteins and Mg-ATP were
required for the inactivation of nitrate reductase (Spill and Kaiser, 1994). A two-step
mechanism of inactivation has been suggested, wherein the kinase first phosphorylates the
enzyme which is then inhibited by P 100 (Glaab and Kaiser, 1994). Recently, a calciumdependent protein kinase which can phosphorylate spinach nitrate reductase in vivo has been
isolated (Bachmann et al., 1995).
The role of the inhibitor protein (P 100), also known as IP, was further studied in
spinach leaves. The separation of this protein from the low activity, phosphorylated nitrate
reductase resulted in the activation of the enzyme. Upon the readdition of the inhibitor
protein, only the phosphorylated enzyme was inactivated. Hence, the interaction of nitrate
reductase with the inhibitor protein is required for the inactivation (MacKintosh et al., 1995).
Protein phosphatases were also shown to be involved in the reversible phosphorylation
mode of regulation. In spinach, the addition of type 2A protein phosphatase enhanced the
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activity of nitrate reductase (MacKintosh, 1992). Moreover, the addition of phosphatase
inhibitors such as okadaic acid, calyculin and microcystin LR prevented the reactivation of
nitrate reductase (Glaab and Kaiser, 1993; Kaiser and Huber, 1994). These phosphatases
have also been found to be activated to some extent by light (reviewed by Kaiser and Huber,
1994).

Phosphorylation of nitrate reductase, as indirectly measured by its sensitivity to

magnesium, has been observed in leaves of spinach (Kaiser and Spill, 1991; Kaiser and
Brendle-Behnisch, 1991; MacKintosh, 1992; Huber et al., 1992a), barley (de Cires et al.,
1993), pea (Kaiser et al., 1993), maize (Huber et al., 1994) and Arabidopsis, tobacco,
sugarbeet and squash (unpublished). Through 32P-labeling, the phosphorylation of the
enzyme has been directly demonstrated in vivo in spinach (Huber et al., 1992a), maize
(Huber et al., 1994), andArabidopsis (LaBrie and Crawford, 1994).
Phosphoamino acid analysis and phosphopeptide mapping of nitrate reductase
from com (Huber et al., 1994), spinach (Huber et al., 1992; MacKintosh, 1992) and
Arabidopsis(LaBrie and Crawford, 1994) showed multiple serine residues as the

phosphorylation sites. Moreover, three major 32P-phosphopeptide fragments in com, four
phosphopeptides in spinach, and multiple fragments in Arabidopsis were observed. By
comparing the nitrate reductase sequence of the wild-type Arabidopsis with that of a
mutant exhibiting reduced phosphorylation, a change from glycine to aspartic acid in the
MoCo domain was seen in the mutant. Thus, serine and glycine are postulated to play
important roles during the phosphorylation of nitrate reductase.

Moreover, the

involvement of the MoCo domain in NR phosphorylation was suggested (LaBrie and
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Crawford, 1994). Recently, site- directed mutagenesis of Arabidopsis NR and the use of
protein kinases on recombinant fragments of spinach NR confirmed the phosphorylation site
to be a serine residue (Bachmann et al., 1996; Su et al., 1996).
The phosphorylation of the phosphopeptides of com and spinach nitrate reductase was
found to be highly influenced by light. More phosphorylation accompanied by lower enzyme
activity was observed in dark-treated leaves. In the presence of light, the enzyme was less
phosphorylated and more active. (Huber et al., 1992a; MacKintosh, 1992; Huber et al., 1994)
Other studies have shown that some enzymes are subject to regulation both by protein
phosphorylation and by light. These enzymes include nitrate reductase, phosphoenolpyruvate
carboxylase, and sucrose phosphate synthase (reviewed in LaBrie and Crawford, 1994).
The modulation of nitrate reductase activity via protein phosphorylation as affected
by light has been observed in spinach leaves (Huber et al., 1992b; Kaiser et al., 1993). NRA
responded rapidly to light/dark transitions with the highest activity observed in the morning,
indicating higher levels of activity in the presence of light. In the dark, the phosphorylation
of the enzyme rendered it more sensitive to Mg2+ inhibition resulting in lower activity. Upon
exposure to light, the sensitivity of the enzyme to Mg2+inhibition is reduced, possibly through
dephosphorylation, and thus leads to higher activity. Moreover, the preincubation of the
enzyme extract with AMP and/or EDTA was shown to enhance enzyme activity (Huber et
al., 1992c; Kaiser et al., 1993). The relatively small changes in the nitrate reductase protein
throughout the diurnal cycle provided further evidence that covalent modification (via
reversible phosphorylation) and not changes in de novo protein synthesis and degradation is
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mainly responsible for regulating the activity of the enzyme (Huber et al., 1992a).
Diurnal fluctuations were also seen in com leaf nitrate reductase. Enzyme activity was
high in the light and low in the dark.

Light signals were found to influence the

phosphorylation state of the enzyme which becomes dephosphorylated and more active upon
exposure to light. Furthermore, levels of NR mRNA and protein increased in the presence
of light. This suggested that the regulation of nitrate reductase activity in com does not only
involve reversible protein phosphorylation but also the modulation of gene expression and
of protein synthesis (Lillo, 1991; Huber et al., 1994; Li and Oaks, 1994).
NRA regulation involving the influence of light and changes in sensitivity to Mg 2+
has also been demonstrated in pea, tobacco, and Arabidopsis (Kaiser and Huber, 1994). In
pea roots, enzyme activity was observed to be lower in plants kept in the dark than those
exposed to light. Moreover, pea nitrate reductase became partially inactivated with Mg-ATP
and then reactivated with the addition of excess AMP. The inhibitory effect of okadaic acid,
a known phosphatase inhibitor, on the in vivo activation of the enzymes further suggested that
the regulation of this nitrate reductase also involves reversible protein phosphorylation (Glaab
and Kaiser, 1993; Kaiser et al., 1993). It has been postulated that a 56-amino acid sequence
in an acidic region at the N-terminus ofNR plays an important role in this mode of posttranscriptional regulation by light (Nussaume et al., 1995).
The wavelength, duration and intensity of light have been demonstrated to affect the
activity of nitrate reductase (reviewed in Nicholas et al., 1976 and in Santucci, 1994). An
increase in the activity of the enzyme was observed in the red alga Cora/Zina elongata upon
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exposure to blue light and red light pulses. Increased nitrate reductase mRNA, protein, and
activity also resulted upon exposure to red (pulsed and continuous) light in etiolated squash
cotyledons (Rajasekhar et al., 1988; Figueroa, 1993). Some studies proposed that light can
stimulate NRA by enhancing enzyme synthesis (reviewed in Nicholas et al., 1976; Corzo and
Neidl, 1992) or by favoring the dephosphorylation and thereby, the activation of the enzyme
(Huber et al., 1992a; Kaiser et al., 1992; MacKintosh, 1992). Blue light receptors and
phytochrome were indirectly implicated in the latter mode of modulation (reviewed in
Santucci, 1994). The stimulatory effect oflight on the mRNA levels of tomato (Becker et al.,
1992) and Spirodela polyrhiza (L.) Schleiden (Appenroth et al., 1992) nitrate reductases was
found to be mediated by phytochrome.
A study on tobacco nitrate reductase showed that light and cytokinin can modulate
enzyme activity, as well as NR mRNA and protein levels (Suty et al., 1993). In

Arabidopsis, the roles of light and of sucrose in affecting the mRNA levels of nitrate
reductase were also demonstrated (Cheng et al., 1992). Excised leaves and cultured cells
treated with sucrose in the dark showed an increase in NR activity and mRNA (Aslam and
Huffaker, 1984; Cheng et al., 1992; Crawford et al., 1992; Vaucheret et al., 1992b; Vincentz
et al., 1993; Lillo, 1994). In tobacco andArabidopsis, as well as tomato, young maize and
petunia, the fluctuations in the mRNA level of the enzyme during the light/dark cycle were
postulated to be controlled by a circadian rhythm (Galangau et al., 1988; Bowsher et al.,
1991; Pilgrim et al., 1993; Salanoubat et al., 1993). InArabidopsis, light was found to be a
requirement for turning on the biological clock (Pilgrim et al., 1993). Nitrate reductase in
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tomato also exhibits circadian rhythm in its activity. The circadian pattern in activity was
found to be affected by the phosphorylation state of the NR protein and by low temperature
(Jones and Ort, 1996).

CHAPTER III
MATERIALS AND METHODS

A.

Indirect Determination of the Phosphorylation of Soybean Nitrate Reductase via
the Magnesium Inhibition Assay

Preparation and Collection of Plant Material
Seeds of wild-type soybean (Glycine max (L.) Merr. variety Williams) were planted
in moist vermiculite. The soybean plants were maintained in a Biotronette Mark III
environmental chamber with a 16-hour photoperiod (310 uE/m2/s2) at 25°C. The plants were
watered on alternate days except on the day before the treatment. After the tenth day, the
plants were treated at 10 am ( 4 hrs into the photoperiod) with modified Hoagland's solution
with KN03 as the nitrogen source. The modified Hoagland's solution consists of 3 mM

mM FeEDTA) and 50 mM KN03•

The first pair of true leaves were harvested starting 24 hours after treatment, for a
period of 48 hours. The leaves were frozen immediately in liquid nitrogen. The collection
timepoints were as follows:
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Time

Number of hours

Light/Dark

(starting 24 hours after treatment)

lOam

0

L

3pm

5

L

8

10

L

11

13

D

2am

16

D

5

19

D

10

24

L

3pm

29

L

8

34

L

11

37

D

2am

40

D

5

43

D

10

48

D

Extraction of the Nitrate Reductase Protein
One gram of frozen leaf tissue was placed in two ml of cold grinding buffer (50 mM
MOPS-NH40H (pH 6.5), 1 mM EDTA (pH 6.5), 50 mM NaF, 5 mM DTT and 1 % Triton
X-100). The tissue was homogenized using the Tekmar Tissumizer at an average setting of
60. The homogenate was centrifuged at 15,000 rpm at 4°C for 20 minutes. The supernatant
was transferred into a clean test tube and kept in ice.
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Two ml of the supernatant were desalted through a Sephadex G-25 column previously
packed to a height of five ml and washed with extraction buffer (grinding buffer minus the
Triton X-100). The column was spun for 3 minutes at a 100 setting on the centrifuge. The
eluent was diluted 1:2 with extraction buffer and kept on ice. This diluted NR extract was
assayed immediately.

Nitrate Reductase Activity Assay
To determine the enzyme activity, 24 assay tubes were prepared for each nitrate
reductase isoform. The assays were done in triplicates. Each tube contained 0.1 ml of each
ofthe following: 50mMMOPS (pH 7.5), 10mMKN03, 0.1mMNADH,50 mMNaF, and
10 mM EDTA (pH 7 .5) or 50 mM MgC12 (for the inducible nitrate reductase); 50 mM MOPS
(pH 6.5), 10 mM KN03, 0.1 mM NADH, 50 mM NaF, and 10 mM EDTA (pH 6.5) or 50
mM MgC12 (for C 1NR); and 50 mM MOPS (pH 6.5), 80 mM KN0 3, 0.1 mM NADPH, 50
mM NaF, and 10 mM EDTA (pH 6.5) or 50 mM MgC12 (for

~NR).

For each isoform,

twelve tubes were used for the -Mg2+ assay (with EDTA), while the other twelve were for the
+Mg2+ assay (with MgCli). To each tube, 0.4 ml deionized-distilled water (ddH20) was also
added. In order to start the reaction, 0.1 ml of the nitrate reductase extract was placed in each
tube. The resulting mixture was vortexed immediately.
The reaction mixtures were incubated at room temperature for 0, 15, 30 and 45
minutes. For the 0 minute tubes, 0.1 ml ZnAc was added to the mixture prior the addition of
the enzyme extract. The reaction was stopped by adding 0.1 ml ZnAc to each tube which
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was mixed thoroughly and then kept in ice. The mixtures were centrifuged for 10 minutes
at a 100 setting. The supernatant was carefully decanted into clean, borosilicate tubes. To
each tube, 1 ml of 0.02 % N-1-naphthylethylene-diamine (NED) and 1 ml of 1 M
sulfanilamide in 1.5 N HCl were added. The absorbance of the solution was read at 540 nm
after 20 minutes.

Lowry Protein Determination
The Lowry assay was used to measure the protein concentration in the desalted
enzyme extract. One-tenth of a milliliter of the diluted nitrate reductase extract was
precipitated with 0.1ml20 % trichloroacetic acid (TCA), vortexed and then kept on ice for
10 minutes. The samples were centrifuged for 10 minutes at a 100 setting. The supernatant
was discarded, while the pellet was resuspended in 1 ml Lowry A solution (0.1 M NaOH in
2 % Na2C03). The resulting solution was diluted 1:20, 1: 10 and 1:5 with ddH20.
Thirteen bovine serum albumin (BSA) standard tubes with concentrations ranging
from 0 to 120 ug/ml were prepared. To each of these standard tubes and of the
experimental tubes, 2 ml of cold Lowry C solution (2 ml of Lowry B, consisting of2ml 2 %
Na-K-tartrate and 2 ml 2% CuS04, and 100 ml of Lowry A) were quickly added. The
mixture was vortexed and then allowed to stand at room temperature for 10 minutes. Twotenths ml of cold Folin-Ciocalteu's Phenol Reagent (Sigma Chemical, St. Louis, MO) was
placed in each tube. After vortexing, the resulting mixtures were incubated at room
temperature for 30 minutes. Using ddH20 as blank, the absorbance of the solution at 720 nm
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was measured. A standard curve for BSA was constructed through linear regression analysis.
From this curve, the protein concentration of the nitrate reductase extract was determined.

Calculation of Specific Enzyme Activity
The specific activity of nitrate reductase was computed using the following equation:

-----=/:,......,A-=54c/15 minx nmole N02-/A 54u - - - - - volume of NR extract (ml) x protein concentration(mg/ml)

where, /:,. A54of l 5 min is the average of the differences in absorbance every 15 minutes and
nmole No2-1

i\40

is the amount of nitrite present per 1 O.D. unit (based from the

standardization of coloring reagents). The specific activity of each isoform was calculated
from the tubes without Mg2+ and those with Mg2+. Lower activity values obtained with Mg2+
than without Mg2+ were used as an indicator that the enzyme isoform has been inhibited
by magnesium . Inhibition by magnesium was used as an indirect determinant of the
phosphorylation state of the enzyme.
Plots of specific enzyme activity against time (-Mg2+ and +Mg2+) were constructed
for each of the three NR isoforms in order to visualize the pattern of NR activity with and
without magnesium. Specific activity values with and without Mg2+ at different timepoints
for the three NR isoforms were statistically analyzed to determine the effects of magnesium,
time, and isoform. A one-way analysis of variance (ANOVA) was used to determine if any
of the above mentioned factors has a significant effect on NR activity. For the multiple
comparison test, the Tukey's HSD test was done. A significant magnesium effect is an
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indicator that the enzyme undergoes phosphorylation. From these analyses, two specific
timepoints when nitrate reductase is shown to be phosphorylated were selected for the direct
detection of phosphorylation.

B.

Direct Determination of the Phosphorylation of Soybean Nitrate Reductase by
32
P-Iabeling

Preparation and Collection of Plant Material
Seeds of wild-type soybean (Glycine max (L.) Merr. variety Williams) were planted
and allowed to grow in an environmental chamber as previously described. The plants were
treated after the tenth day with modified Hoagland's solution (with KN03 as nitrogen source).
At least 12 hours prior to the extraction of the NR protein, about 25 pairs of the first true
leaves were collected and transferred to microfuge tubes for 32P treatment. Five milliliters of
the treatment solution (containing 10 mM KN0 3, 10 uM KH2P04, and 1 mCi [32P]Pi) were
placed in the tubes as 0.5 ml aliquots. The treated leaves were harvested at two timepoints
when all three NR isoforms are phosphorylated: 10 am, day 2 (24 hrs.) and 2 am, day 3 (40
hrs.), and then were immediately frozen in liquid nitrogen.

Extraction and Immunoprecipitation of Nitrate Reductase
Two grams of the treated leaves were homogenized in 6 ml of cold grinding buffer
( 50 mM MOPS-NH40H (pH 6.5), 1 mM EDTA (pH 6.5), 50 mM NaF, 5 mM DTT, 1%
Triton X-100, 0.5 mg Leupeptin, and 0.0175 g PMSF) using the Tekmar Tissumizer. The
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homogenate was centrifuged at I5,000 rpm for 30 minutes at 4°C. The supernatant was used
immediately in the NR activity assays and immunoprecipitation. The NR activities (iNR,
c 1NR, and c2NR) of the crude extract was assayed using the procedure in the first part of the
study.
To the remaining volume of the crude extract, IO ul of com NR- antibody (against
CbR fragment of com NR) and 10 ul of squash NR - antibody (against squash NR
holoenzyme) (both antibodies were gifts from Dr. W. H. Campbell) were added to
immunoprecipitate the enzyme. The mixture was allowed to incubate for two hours in ice and
with gentle shaking. Subsequently, I 00 ul protein A-agarose (Gibco BRL) were placed in the
mixture which was incubated for 30 minutes more. After incubation, the mixture was
centrifuged for 30 seconds and the supernatant was separated from the pellet. NR activity
assays were immediately done on the supernatant. The pellet was washed with IX NETT
buffer (consisting of50 mM Tris (pH 7.4), 5 mM EDTA, I50 mMNaCl and 0.5% Triton X100) with O.OI25 M NaF, and then with IX NETT buffer containing O.OI25 M NaF and 0.5
M NaCl. Two more washes using IX NETT buffer with NaF were subsequently performed.
Two negative controls were also performed. Control one consist of I 00 ul of the
crude extract and 100 ul of protein A-agarose (without any antibody), while control two has
IOO ul of IX NETT buffer, 10 ul of com NR - antibody, and 100 ul protein A-agarose
(without crude extract). The same incubation period and washes as in the preparation of the
immunoprecipitate were done on these controls.
Each of the pellet samples was resuspended in 40 ul of the 2X treatment buffer
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consisting of0.125 M Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 10% mercaptoethanol, and
0.01 % bromophenol blue. The mixture was incubated at 100°C for 90 seconds and then
placed in ice for a few minutes. Subsequently, it was spun for a few seconds and the
supernatant part collected.

The samples were kept in ice until they were used in

electrophoresis.

Polyaczylamide Gel Electrophoresis
The SDS-polyacrylamide electrophoresis gel was prepared with the following
components: 0.375 M Tris-base (pH 8.8), 10 % acrylamide/ 0.68 % N,N'-methylenebisacrylamide, 0.1 % sodium dodecyl sulfate (SDS), 0.5 % N,N,N',N'-tetramethyl
ethylenediamine (TEMED), and 0.05 % ammonium persulfate. It was allowed to set for
about an hour.
The stacking (top) gel consisting of 0.125 M Tris-base (pH 6.8), 4 % acrylamide/
0.36

%

N,N'-methylene-bisacrylamide, 0.1 % SDS, 0.03 % TEMED, and 0.05 %

ammonium persulfate was also prepared. The 10-well comb was placed immediately on the
stacking gel and the gel allowed to polymerize for approximately an hour.
The crude extract and supernatant were prepared for SDS-PAGE loading . Each
sample was diluted with an equal volume of2x treatment buffer. The proteins were denatured
by immersing in boiling water for 90 seconds.
The gel was placed in the electrophoresis unit which was assembled in a standard
manner. The top and bottom buffer chambers were filled with tank/reservoir buffer (0.025
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M Tris-base (pH 8.3), 0.192 M glycine and 0.1 % SDS). 50 ul of each of the samples (crude
extract, supernatant, immunoprecipitate and controls) and the high-molecular weight markers
(Sigma) were loaded and then electrophoresed at 30 mA for three hours.
After the run, the resolving gel was immersed in Coomassie brilliant blue staining
solution (0.125% Coomassie Blue R-250, 50 % methanol and 10% acetic acid) for three hours
at 3 7°C with gentle shaking. The gel was destained for one hour in a solution of 50 %
methanol and 10 % acetic acid (destaining solution I) with gentle shaking. The gel was then
transferred to a solution of 5 % methanol and 7 % acetic acid (destaining solution II) and left
overnight. Subsequently, the gel was rinsed for a few minutes in ddH20 and was dried for
about an hour at 75°C.

Autoradiography
The dried gel was assembled for autoradiography.

It was incubated with an

intensifying screen at -80°C for one week. Longer film exposure was also done for up to four
weeks. The film (Kodak X-OMAT Diagnostic Film) was developed and bands corresponding
to phosphorylated proteins (including nitrate reductase) were observed and analyzed.

CHAPTER IV
RESULTS

A.

Indirect Determination of the Phosphorylation of Soybean Nitrate Reductase via
the Magnesium Inhibition Assay

The specific activities of the three isoforms of nitrate reductase in soybean are shown
in Tables 1, 2 and 3. Their activities with and without magnesium are given. Without
magnesium, iNR activity peaked first at 8 pm, day 1 (10 hrs.) and then at 10 am, day 2 (24
hrs.) with the latter exhibiting the highest activity in iNR (0.934 nmol N02-/min/mg). The
lowest activity (0.153 nmol N02-/min/mg) was observed at 2 am, day 3 (40 hrs.). Upon the
addition of magnesium, the activities of iNR decreased. However, the peak activity was still
observed at 24 hrs. (0.251 nmol N02-/min/mg) and the lowest activity at 40 hrs. (0.023 nmol
No2-/min/mg). These were better illustrated in Figure 1 which also showed the influence of
light on iNR activity. The inducible isoform of nitrate reductase exhibited higher activities
with light and lower ones when in the dark, whether magnesium is present or not.
For the NADH-dependent constitutive nitrate reductase (c 1NR), the highest activity
(1.634 nmol N02-/min/mg) was seen at 8 pm, day 1 (10 hrs.), followed by 10 am, day 2 (24
hrs.; 1.059 nmol No2-/min/mg). The lowest activity (0.156 nmol NO£/minlmg) was at
2 am, day 3 (40 hrs.). A decrease in activities was again observed when magnesium was
30
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Table 1. Specific activities of the inducible nitrate reductase (iNR).
The specific activity of soybean iNR was measured over a period of 48 hrs. starting
from 24 hrs. after treatment with modified Hoagland' s solution. Activity assays (as described
in the Materials and Methods) were based on the production of nitrite per minute per
milligram of protein and were performed without magnesium (-Mg) and with magnesium
(+Mg). For each timepoint, the assay was replicated three times (n=3) and the mean± SEM
values were obtained.

TIME

NUMBER OF
HOURS

NRA
(-Mg)

10 am

0

0.478 ±0.197

0.141 ±0.064

3 pm

5

0.662 ±0.419

0.091 ±0.047

8

10

0.845 ±0.178

0.125 ±0.030

11

13

0.581 ±0.085

0.114 ±0.041

2 am

16

0.467 ±0.120

0.092 ±0.029

5

19

0.614 ±0.236

0.068 ±0.007

10

24

0.934 ±0.177

0.251 ±0.034

3 pm

29

0.704 ±0.278

0.112 ±0.046

8

34

0.508 ±0.185

0.070 ±0.020

11

37

0.334 ±0.057

0.051 ±0.004

2 am

40

0.153 ±0.031

0.023 ±0.005

5

43

0.344 ±0.133

0.040 ±0.017

10

48

0.471 ±0.138

0.063 ±0.028

NRA
(+Mg)
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Figure 1. Effect of magnesium on the inducible nitrate reductase (iNR) activity.
To determine the effect of magnesium, the specific activity of soybean iNR was
assayed (as described in the Materials and Methods) without magnesium (-Mg) and
with magnesium (+Mg) over a period of 48 hrs. Activity was expressed as nmol
No2-/min/mg. Each point is the mean of the three replicates (n=3) and the SEM
values are represented by error bars.
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added. But the highest activity still remained at 10 hrs. (0.150 nmol No2-/min/mg) and 24
hrs. (0.151 nmol N02-/min/mg). The lowest activity was also at 40 hrs. (0.007 nmol NQ/min.mg). As shown in Figure 2, the peak activity for c1NR was during 10 hrs. and the lowest
activity was at 40 hrs. The figure further illustrated the effect of light on the NADHdependent constitutive NR. In both -Mg and +Mg conditions, higher activities were observed
in the presence of light. When the lights were turned off, lower c 1NR activities resulted.
There was only one peak observed in the activities of the NAD(P)H-dependent
constitutive nitrate reductase (c2NR) without magnesium.

~

NR exhibited the highest

activity (2.687 nmol N02 ·/min/mg) at 8 pm, day 1 (10 hrs.), the highest value among the
three isoforms.

The lowest c2NR activity was also at 2 am, day 3 (0.408 nmol

~

-

/min/mg). As shown in Figure 3, the addition of magnesium led to lower eiNR activities.
Under this condition, however, the highest activity (0.272 nmol NO£/minlmg) was at 11 pm,
day 1 (13 hrs.) instead of the usual 10 hrs., while the lowest activity (0.047 nmol N02/mg/min) was at 11 pm, day 2 (37 hrs.) instead of 40 hrs. Apparently, light can also
influence c2NR activity as seen by lower activities when the plants were in the dark.
A decrease in iNR activity was seen at each timepoint upon the addition of
magnesium (Table 1). Figure 1 clearly illustrated the inhibitory effect of magnesium on the
activity of the inducible isoform. Statistical analysis of the specific activities showed a need
for log transformation in order to satisfy the assumptions of the ANOVA. Using logtransformed data and at an alpha value set at 0.05, the one-way ANOVA on the effect
of magnesium on iNR activity revealed ten timepoints with significant magnesium effect.
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Table 2. Specific activities of the NADH - dependent constitutive nitrate reductase (c 1NR).
The specific activity of soybean c1NR was measured over a period of 48 hrs. starting
from 24 hrs. after treatment with modified Hoagland's solution. Activity assays (as described
in the Materials and Methods) were based on the production of nitrite per minute per
milligram of protein and were performed without magnesium (-Mg) and with magnesium
(+Mg). For each timepoint, the assay was replicated three times (n=3) and the mean± SEM
values were obtained.
TIME

NUMBER OF
HOURS

10 am

0

0.370 ±0.136

0.081 ±0.032

3 pm

5

0.538 ±0.348

0.034 ±0.018

8

10

1.634 ±0.627

0.150 ±0.059

11

13

0.948 ±0.115

0.126 ±0.027

2 am

16

0.521 ±0.148

0.089 ±0.015

5

19

0.805 ±0.475

0.057 ±0.017

10

24

1.059 ±0.177

0.151 ±0.040

3 pm

29

0.758 ±0.348

0.143 ±0.062

8

34

0.633 ±0.265

0.097 ±0.055

11

37

0.415 ±0.129

0.062 ±0.033

2 am

40

0.156 ±0.005

0.007 ±0.002

5

43

0.594 ±0.327

0.041 ±0.027

10

48

0.575 ±0.185

0.068 ±0.002

NRA
(-Mg)

NRA
(+Mg)
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Figure 2.

Effect of magnesium on the activity of the NADH-dependent constitutive
nitrate reductase (c 1NR).

To determine the effect of magnesium, the specific activity of soybean c 1NR was
assayed (as described in the Materials and Methods) without magnesium (-Mg) and with
magnesium (+Mg) over a period of 48 hrs. Activity was expressed as nmol N02/min/mg. Each point is the mean of three replicates (n=3) and the SEM values are
represented by error bars.
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Table 3. Specific activities of the NAD(P)H-dependent constitutive nitrate reductase
(C2NR).
The specific activity of soybean eiNR was measured over a period of 48 hrs. starting
from 24 hrs. after treatment with modified Hoagland' s solution. Activity assays (as described
in the Materials and Methods) were based on the production of nitrite per minute per
milligram of protein and were performed without magnesium (-Mg) and with magnesium
(+Mg). For each timepoint, the assay was replicated three times (n=3) and the mean± SEM
values were obtained .
TIME

NUMBER OF
HOURS

NRA
(-Mg)

NRA
(+Mg)

10 am

0

0.816 ±0.345

0.065 ±0.025

3 pm

5

0.803 ±0.459

0.036 ±0.017

8

10

2.687 ±1.110

0.181 ±0.102

11

13

1.996 ±0.381

0.272 ±0.187

2 am

16

1.231 ±0.173

0.106 ±0.008

5

19

1.723 ±1.071

0.073 ±0.029

10

24

1.690 ±0.436

0.125 ±0.036

3 pm

29

1.373 ±0.597

0.129 ±0.052

8

34

1.519 ±0.620

0.119 ±0.056

11

37

0.845 ±0.344

0.047 ±0.025

2 am

40

0.408 ±0.056

0.068 ±0.036

5

43

1.155 ±0.518

0.083 ±0.060

10

48

1.444 ±0.669

0.051 ±0.025
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Figure 3.

Effect of magnesium on the activity of the NAD(P)H - dependent
constitutive nitrate reductase (c2NR).

To determine the effect of magnesium, the specific activity of soybean c2NR was
assayed (as described in the Materials and Methods) without magnesium (-Mg) and with
magnesium (+Mg) over a period of 48 hrs. Activity was expressed as nmol N02/min/mg. Each point is the mean of three replicates (n=3) and the SEM values are
represented by error bars.
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These timepoints included: 10 hrs (P=0.004), 13 hrs. (P=0.013), 16 hrs. (P= 0.020), 19 hrs.
(P=0.009), 24 hrs. (P=0.004), 34 hrs. (P=0.036), 37 hrs. (P=0.001), 40 hrs. (P=0.003), 43 hrs.
(P=0.028) and 48 hrs. (P=0.020). This suggests that phosphorylation occurs in the inducible
form of NR in soybean.
The inhibitory effect of magnesium was also observed in the two constitutive isofonns
of nitrate reductase (Tables 2 and 3). The large decrease in NRA in the presence of
magnesium was illustrated in Figures 2 and 3. One-way ANOVA performed on the logtransformed c 1NR data showed that magnesium exerted a significant inhibitory effect during
the following timepoints: 10 hrs. (P=0.015), 13 hrs. (P=0.001), 16 hrs. (P=0.007), 19 hrs.
(P=0.030), 24 hrs. (P=0.002), 37 hrs. (P=0.023), 40 hrs. (P=0.000) and 48 hrs. (P=0.008).
Hence, c 1NR also appears to undergo phosphorylation. Significant inhibitory effect by
magnesium was also revealed from the one-way ANOVA of the log-transformed c2NR data.
Unlike the other two isoforms, however, the analysis suggests that NAD(P)H-dependent
constitutive NR undergoes phosphorylation in all the 13 timepoints studied (P<0.05).
Therefore, c 2NR seems to be the most frequently phosphorylated among the three NR
isoforms, followed by iNR, and then c 1NR.
For each isoform, the timepoints when magnesium exerted a significant effect on NR
were further statistically analyzed to determine if they differ significantly from each other.
Significant differences were observed among these timepoints in iNR both without
magnesium (P=0.021) and with magnesium (P= 0.002) and in c 1NR without magnesium
(P=0.009) and with magnesium (P= 0.004). In the -Mg condition, the Tukey's HSD test
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revealed that 40 hrs. significantly differed from 24 hrs. and 10 hrs. The significant difference
between 40 hrs. and 24 hrs. was again seen in iNR with magnesium. Additional differences
were observed between 24 hrs. and each of34 hrs., 37 hrs., 43 hrs., and 48 hrs. These results
may indicate a some variation in the level of phosphorylation of iNR through time.
In c 1NR, significant differences were observed between 40 hrs. and each of 10 hrs.,
13 hrs., and 24 hrs. in both - Mg and +Mg conditions. This may mean that c 1NR also varies
in its phosphorylation through time. On the other hand, statistical analysis on c2NR did not
show any significant differences among the 13 timepoints when this isoform undergoes
phosphorylation. Thus, c2NR may be interpreted as the only isoform exhibiting uniform
phosphorylation through time.
Another one-way ANOVA was done to compare specific activities among the three
NR isoforms. Significant differences among these isoforms were observed in both -Mg and
+ Mg conditions specifically at 40 hrs. At this timepoint, eiNR was shown to be significantly
different from c 1NR. Tukey' s HSD test further showed that iNR also significantly differed
from c2NR but only when magnesium is absent. In terms of phosphorylation, therefore, the
inducible NR and the NADH-dependent constitutive NR (c 1NR) appeared to be more closely
related, while c2NR was the most distantly related among the three nitrate reductases in
soybean.
Apparently, the phosphorylation of each of the NR isoforms in soybean was shown
to occur both in the light and in the dark. Though iNR was not significantly phosphorylated
in three timepoints when light was present, it was found to be phosphorylated most of the
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time (i.e. during four timepoints with light and six timepoints in the dark). In the case of
c 1NR, light seemed to have a slight effect on phosphorylation. In four out of the seven
timepoints when light was present, c 1NR was not significantly phosphorylated.

Its

phosphorylation was observed in six timepoints in the dark and only three timepoints with
light. But since phosphorylation was still detected during three timepoints when light was
present, such results made it insufficient to state that the presence/absence of light has a
considerable effect on the phosphorylation of c 1NR.

Among the three isoforms, the

phosphorylation of eiNR was clearly not affected by light. Whether the plants were exposed
to light or kept in the dark, results indirectly indicated that the NAD(P)H-dependent
constitutive NR (c2NR) undergoes phosphorylation.

B.

Direct Determination of the Phosphorylation of Soybean Nitrate Reductase
by 32P-labeling

Based on the results of the magnesium inhibition assays, two timepoints (24 hrs. and
40 hrs.) showing significant magnesium effect, which suggests phosphorylation ofNR, were
subsequently used in the 32P-labeling studies. The labeling of the NR protein with 32 P was
used to directly detect if soybean nitrate reductase undergoes phosphorylation.

The

autoradiographs of the 32P-labeled proteins obtained during these two timepoints (24 hrs. and
40 hrs.) are shown as Figures 4 and 5. The molecular weight markers (Sigma) that were used
(shown at the side) ranged in size from 29 kD to 205 kD. Based on these standards, the
profile of phosphorylated proteins (Figure 4A) in the crude extract (lane 1) and in the
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supernatant (lane 2) during the 24 hrs.-labeling experiment were found to consist of at
least 1S proteins ranging in size from 32 kD to 22S kD. For the 40 hrs.- experiment, more
phosphorylated proteins were detected (Figure SA). At least 22 phosphorylated proteins
which ranged from 36 kD to 261 kD were observed in both crude extract (lane 1) and
supernatant (lane 2). The NR activity assays on the crude extract and supernatant showed a
large decrease in NRA (Tables 4 and S) in the latter. All three NR isoforms in soybean
exhibited lower activities after immunoprecipitation for both labeling experiments.
In both experiments, no bands were observed in lanes 4 and S (Figures 4B and SB)
and in lanes 2 and 3 (Figure 4C) containing the two negative controls.

The

immunoprecipitate (Figure 4B, lane 3) from the 24 hrs.- experiment, however, showed two
distinct bands which corrresponded to 39.S kD and 43.6 kD, and three faint ones (can be seen
only on the film) which corresponded to 123.3 kD, 146.9 kD and 177.8 kD. At the
immunoprecipitate lane of another autoradiograph from the 24 hrs.-experiment (Figure 4C,
lane 1), these two bands ( 38.S kD and 44 kD) were more clearly seen. For the 40 hrs.experiment, two distinct bands of39.4 kD and 43.7 kD, and two faint ones (can be seen only
on the film) of 66.1 kD and 167.S kD in size were seen at the immunoprecipitate lane (Figure
SB, lane 3). The presence of bands corresponding to low molecular weight proteins in the
immunoprecipitate may mean that the NR protein has been acted upon by proteases,
degrading it into smaller fragments.

However, the presence of bands in the

immunoprecipitate and not in the controls suggests that bands seen on the immunoprecipitate
may correspond to phosphorylated nitrate reductase.
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Figure 4.

Autoradiographs showing the phosphorylated proteins isolated from 32Ptreated soybean leaves collected at 10 am, day 2 (24 hrs.).

Soybean leaves were treated with 1 mCi [32P]Pi in 5 ml of treatment solution
(10 mM KN03 and 10 uM KH2P04) at least 12 hours before the collection time. The crude
extract was obtained from the treated leaves and subjected to immunoprecipitation with anticom NR and anti-squash NR. Negative controls were also prepared. Samples were
loaded on a 10% SDS-polyacrylamide gel with the following molecular weight markers
(shown at the left side): Myosin (205 kD), B-galactosidase (116 kD), Phosphorylase B
(97.4 kD), Albumin, bovine (66 kD), Albumin, egg (45 kD) and Carbonic anhydrase
(29 kD). The gel was dried and subsequently used for autoradiography. A. Crude
extract (lane 1) and supernatant (lane 2) after one-week film exposure. B.
Immunoprecipitate (lane 3), control I (lane 4) and control 2 (lane 5) after four-week film
exposure. C. Immunoprecipitate (lane 1), control I (lane 2) and control 2 (lane 3) after fourweek film exposure (taken from a different gel).
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Figure 5.

Autoradiographs showing the phosphorylated proteins
32
P- treated soybean leaves collected at 2 am, day 3 (40 hrs.).

isolated

from

Soybean leaves were treated with 1 mCi [32P]Pi in 5 ml of treatment solution
(10 mM KN03 and 10 uM KH2P04) at least 12 hours before the collection time. The crude
extract was obtained from the treated leaves and subjected to immunoprecipitation with anticom NR and anti-squash NR. Negative controls were also prepared. Samples were
loaded on a 10% SDS-polyacrylamide gel with the following molecular weight markers
(shown at the left side): Myosin (205 kD), B-galactosidase (116 kD), Phosphorylase B
(97.4 kD), Albumin, bovine (66 kD), Albumin, egg (45 kD) and Carbonic anhydrase
(29 kD). The gel was dried and subsequently used for autoradiography. A. Crude
extract (lane 1) and supernatant (lane 2) after one-week film exposure. B.
Immunoprecipitate (lane 3), control I (lane 4) and control 2 (lane 5) after four-week film
exposure.
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Table 4. Activities of the three nitrate reductase isoforms in the crude extract and in
the supernatant of the 24 hrs. labeling experiment.
Using 32P-treated soybean leaves collected at 10 am, day 2 (24 hrs.), NR activities
were assayed (as· described in the Materials and Methods) first in the crude extract and
then in the supernatant after immunoprecipitation. Assays were performed in the presence
of EDTA (without magnesium) and activity values were in nmole N02-/min/ml.
Duplicate experiments were done and their means ± SEM were calculated.

Table 5.

Isoform

Crude Extract

Supernatant

iNR

0.533 ± 0.377

0.094 ±0.066

C1NR

0.807 ± 0.571

0.114 ± 0.081

C2NR

2.974 ±2.103

0.553 ± 0.391

Activities of the three nitrate reductase isoforms in the crude extract and in
the supernatant of the 40 hrs. labeling experiment.

Using 32P-treated soybean leaves collected at 2 am, day 3 (40 hrs.), NR activities
were assayed (as described in the Materials and Methods) first in the crude extract and then
in the supernatant after immunoprecipitation. Assays were performed in the presence of
EDTA (without magnesium) and activity values were expressed in nmole N02-/min/ml.
Duplicate experiments were done and their means ± SEM were calculated.
Isoform

Crude Extract

Supernatant

iNR

0.487 ± 0.344

0.147 ±0.104

C1NR

0.720 ±0.509

0.140 ±0.099

C2NR

2.106 ± 1.489

0.507 ± 0.359

CHAPTERV
DISCUSSION

In all the three nitrate reductase isoforms in soybean, the highest specific activities
(with and without magnesium) were observed during timepoints when light was present
which included 8 pm, day 1 (10 hrs.) and 10 am, day 2 ( 24 hrs.). The only exception was
observed in the NAD(P)H-dependent constitutive isoform (c2NR) activity (with magnesium)
which peaked at 11 pm, day 1 (13 hrs.). This timepoint, however, was only one hour after
the lights were turned off. The lowest NR activities were seen usually at 2 am, day 3 (40 hrs.)
and also at 11 pm, day 2 (3 7 hrs.) both of which were "dark" timepoints. In general, high
activities in soybean NR can be associated with the presence of light, while the decrease in
NRA seen at certain timepoints can be explained by the removal of light.
The activity of nitrate reductase has been shown to increase in light-treated leaves (as
reviewed by Huber et al., 1992). In spinach, a 50 to 85 % decrease in NRA was observed
when the light-exposed leaves were transferred to the dark (Huber et al., 1992a; Huber et al.,
1992c; Kaiser et al., 1992; MacKintosh, 1992; Riens and Heldt, 1992; De Cires et al., 1993).
Various studies have shown that light can stimulate the transcription and the translation of the

NR gene, thereby inducing the synthesis of the NR protein (Melzer et al., 1989; Cheng et al.,
1992; Mohr et al., 1992; in and reviewed by Huber et al., 1992). On the other hand, rapid
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degradation of the NR protein has been observed in the dark (Huber et al., 1992). It has also
been proposed that light can favor the dephosphorylation of the NR protein by inhibiting
protein kinases, via its effect on calcium concentration.

Several researches

have

hypothesized that the response of NRA to light is mediated by phytochrome (Jones and
Sheard, 1972; Neininger et al., 1994) or by other less understood mechanisms (Melzer et al.,
1989; Vincentz et al., 1993). The patterns in soybean NRA levels in response to light,
therefore, may be attributed to the presence of more NR in the light and to its degradation in
the dark and/or to the influence of light on the phosphorylation state ofNR.
Magnesium appeared to have influenced the activities of all three nitrate reductase
isoforms in soybean. Specifically, it has been shown to exert a significant inhibitory effect
on soybean NRA. This effect was observed in ten out of 13 timepoints in iNR, in eight out
of 13 timepoints in c 1NR, and in all 13 timepoints studied in c2NR. These findings supported
an earlier study on the role of magnesium in regulating the activity of nitrate reductase. When
the activity ofNR was assayed using a magnesium-containing buffer, a decrease in NRA was
clearly observed as compared to when ion chelators such as EDTA, organic acids and
phosphate were present during the assay (Kaiser and Huber, 1994).

An assay on NRA in the presence of magnesium is thought to reflect alterations in the
NR protein, whether it is phosphorylated or not (Bachmann et al., 1995). The phosphorylated
form of NR is believed to be sensitive to magnesium inhibition. A study by Huber and his
co-workers (1992) has demonstrated that the phosphorylating agents and some factors in the
desalted NR extract can convert the enzyme into a form more sensitive to inhibition by
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magnesium. The phosphate groups on the NR protein were hypothesized to chelate the
magnesium ions, leading to the inhibition in NRA.
The significant inhibitory effect of magnesium observed in majority (in iNR and
c 1NR) or in all (in eiNR) of the 13 timepoints studied suggests that the three NR isoforms
in soybean undergo protein phosphorylation and that this covalent modification occurs
frequently in all isoforms. The NAD(P)H-dependent constitutive isoform (c2NR) was shown
to be the most frequently phosphorylated among the three isoforms, followed by the inducible
NR, and then by the NADH-dependent constitutive isoform (c 1NR). During the timepoints
when iNR and c 1NR were significantly inhibited by magnesium, considerable quantities of
phosphorylated iNR and c 1NR protein molecules may be present resulting in a significant
magnesium effect. The other timepoints when the effect of magnesium was not significant
may also have phosphorylated NR proteins. However, their level may not be sufficient
enough for magnesium to exert a significant inhibitory effect on NRA. In eiNR, on the other
hand, the amount of phosphorylated c2NR protein molecules present may be significant
enough in all the 13 timepoints studied. Thus, through their sensitivity to magnesium
inhibition, the three NR isoforms in soybean have been demonstrated in this study to undergo
protein phosphorylation.
Further statistical analysis of timepoints with significant magnesium effect revealed
slight variations among these timepoints in iNR and c 1NR but not in c 2NR. These may be
interpreted as variations in the amount of phosphorylated iNR and c 1NR protein molecules
among the specified timepoints. In the two isoforms, significant differences were commonly
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observed between a "light" timepoint (24 hrs.) and a "dark" timepoint (40 hrs.), though
differences were also seen involving other timepoints. This indicates that some of the
variations in the level of phosphorylation in iNR and c 1NR can be affected by light.
Furthermore, such variations in phosphorylation levels may be interpreted as a mode of
regulating NRA. Variations in the levels of phosphorylation ofiNR and c 1NR through time
can result in differences in the degree of inhibition by magnesium, which in turn can lead to
changes in NRA through time.
Among the three NR isoforms in soybean, only c2NR appeared to possess a uniform
level of phosphorylation through time. The inhibitory effect of magnesium on c2NR did not
vary significantly based on the statistical analysis of the 13 timepoints. This may mean that
there are other factors involved in regulating the activity of c2NR. One possibility is that in
vivo. the concentration of magnesium may actually vary. This can cause differences in the
degree of NRA inhibition in c2NR and may also contribute to the regulation of activities in
iNR and c 1NR. However, a phosphorylation study by Huber et al. (1992) on spinach nitrate
reductase has revealed that the magnesium concentration in the cytosol may be enough to
produce the activity inhibition observed in in vitro assays (including this study) which use
5 mM MgC12• This further suggests that aside from protein phosphorylation and the presence
of magnesium, other factors take part in soybean NRA regulation.
Auxiliary proteins which aid in the phosphorylation-dephosphorylation mechanism
of regulation have been identified in earlier studies. Two proteins, P67 and P 100, when added
to partially purified NR were shown to inactivate the enzyme. P67 was found to possess
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kinase activity, while P 100 did not (Spill and Kaiser, 1994). Further studies revealed that P 100
is the NR inhibitor protein or NIP. When NIP was added to a purified phosphorylated NR,
the enzyme was inactivated. But when NIP was added to the dephosphorylated NR,
inactivation was not observed(MacKintosh et al., 1995). Another study showed a correlation
between the extent of NR inactivation by NIP and
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P-labeling of the NR protein. This

indicated that the inhibitor protein can only inactivate the phosphorylated NR (Bachmann
et al., 1995).

These studies support the new model of NR regulation by protein

phosphorylation proposed by MacKintosh and coworkers in 1995 (Figure 6). That is, aside
from the phosphorylated form ofNR and the presence of magnesium, an inhibitor protein
(P 100, NIP or IP) is also required for the inactivation of the enzyme. A phosphorylated NR,
even with magnesium, is still considered an active enzyme if the inhibitor protein is not
present (MacK.intosh et al, 1995).
In this study, the inhibitor protein may have also played a role in the inactivation of
soybean nitrate reductase. The phosphorylated form ofNR could have interacted with the
inhibitor protein resulting to a change in NR protein conformation which is more sensitive
to magnesium inhibition (Bachmann et al., 1996). It is possible that during the extraction
procedure, the inhibitor protein was also isolated and included in the extract. This contributed
to the inactivation ofNR when magnesium was added.
The presence of the inhibitor protein can explain how the activity of a uniformly
phosphorylated nitrate reductase like c2NR is regulated through time. In vivo, the inhibitor
protein may not be readily accessible to the phosphorylated NR at all times. Moreover, the
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active

8

NR kinase

Pi

Figure 6. A revised model for the regulation of nitrate reductase activity by protein
phosphorylation (MacKintosh et al. , 1995).
Inactivation of NR by phosphorylation and by interaction with magnesium and
the inhibitor protein. Abbreviations: NR (nitrate reductase), P (phosphate group), NIP
(NR inhibitor protein), PP2A (protein phosphatase 2A), Pi (inorganic phosphate), ATP
(adenosine triphosphate), ADP(adenosine diphosphate) and Mg (magnesium).
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level of the inhibitor protein in the plant cell may be fluctuating through time. Such changes
in the availability and amount of the inhibitor protein may not be present during the in vitro
assays done in this study. In vitro, sequestered magnesium may have been released during
the homogenization of the tissue and was present in the NR extract used.

In the cell,

however, these variations in the availability and amount of the inhibitor protein can lead to
differences in the degree ofNR inactivation by magnesium. These can also contribute to the
regulation of iNR and c 1NR activities. Hence, the activities of the three NR isoforms in
soybean can be regulated by changes in the level of the inhibitor protein in vivo.
Phosphatases also play a key role in the regulation of nitrate reductase via
phosphorylation-dephosphorylation. Aside from the removal ofNIP from the phosphorylated
NR, in vitro

reactivation

of NR

can

also

be

accomplished

through

the

dephosphorylating action of protein phosphatase 2A (MacKintosh et al., 1995). The addition
of known protein phosphatase inhibitors such as okadaic acid, calyculin and microcystin LR
can prevent the reactivation of NR (MacKintosh, 1992; Glaab and Kaiser, 1993; Kaiser and
Huber, 1994). Phosphatases can be affected by certain metabolites which may vary in
concentration in vivo in response to light/dark transitions or changes in C02 concentration in
the intercellular leaf air spaces (Spill and Kaiser, 1994).
In this study, sodium fluoride (NaF) which is a phosphatase inhibitor was added in
the assay medium to maintain the phosphorylated state of the NR protein, when it undergoes
phosphorylation. The normal action of the phosphatases, however, may have been affected
by the addition of NaF. The in vitro study of soybean nitrate reductase may not have

58
accurately simulated the in vivo changes in phosphatase levels. It is possible that the
phosphatases exhibit fluctuations in their levels in the plant cell as a response to the amount
of protein kinases and to other factors. Such changes in phosphatase levels can lead to
variations in the amount of phosphorylated NR present at a given time, thereby leading to
changes in NRA through time. Therefore, the in vivo action of phosphatases can also add to
the modes of regulating soybean NRA through the phosphorylation-dephosphorylation
mechanism.
Since phosphorylation has been suggested to occur and to vary in soybean nitrate
reductase, this may mean that the regulation of this enzyme also involves factors acting on
protein kinases which are responsible for phosphorylating NR. Protein kinases have been
purified from protein extracts and were demonstrated to phosphorylate NR. These kinases
were characterized and were found to be affected by pH, metabolite-regulated, and calciumdependent (Spill and Kaiser, 1994; Bachmann et al., 1995; Glaab and Kaiser, 1995;
MacKintosh et al., 1995; McMichael et al., 1995). Aside from magnesium, the inactivation
of NR by phosphorylation was demonstrated to be dependent on calcium (Kaiser and
Brendle-Behnisch, 1991; Huber et al., 1992a, 1994). It has ·been hypothesized that the
concentration of calcium in the cytosol can regulate the activity of NR through its effect on
protein kinases (Bachmann et al., 1996). It is possible that the in vivo concentration of
calcium varies in soybean as a response to different factors. Moreover, the three NR isoforms
in soybean may be acted upon by separate protein kinases. Thus, the changes in calcium
concentration in the plant cell and the possibility of using different types ofkinases may have
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contributed to the varying phosphorylation patterns observed in the three soybean isoforms.
No distinctive effect of light was revealed in the patterns of phosphorylation of the
three NR isoforms in soybean. Though there were "light" timepoints when phosphorylation
was not significant in iNR and c 1NR, phosphorylation was still observed in both "light" and
"dark" timepoints. In eiNR, phosphorylation did not significantly differ from each other in
all 13 timepoints (seven with light and six without light). Hence, this study has shown that
the phosphorylation of soybean nitrate reductase is not greatly affected by light as was
observed in other plant species. In spinach, pea, tobacco, maize, and Arabidopsis, the
phosphorylation ofNR depends on the presence/absence oflight and thus, can further regulate
NRA (reviewed by Kaiser and Huber, 1994). Moreover, the phosphorylation of soybean NR
does not appear to be under a circadian rhythm. This rhythm in biological function which
occurs within a 24-hour period and can persist without any environmental time cues (Pilgrim
et al., 1993) was not seen in the phosphorylation patterns of the three nitrate reductases in
soybean.
Based on the frequency of and the variations through time in phosphorylation, it
appeared that the inducible isoform (iNR) and the NADH-dependent constitutive isoform
(c 1NR) are more closely related as compared with the NAD(P)H-dependent isoform (c2NR).
In both iNR and c 1NR, the majority of timepoints showed significant magnesium effect. Only

eiNR had significant phosphorylation in all 13 timepoints studied. Slight variations among
the timepoints which showed phosphorylation were also observed in iNR and c 1NR but not
in eiNR. Statistical analysis further revealed differences between eiNR and each of the other
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two isofonns (iNR and c 1NR) at 40 hrs. These suggest that iNR and c 1NR activities can be
regulated through similar mechanisms like protein phosphorylation. The regulation of c2NR
activity, on the other hand, may involve additional factors such as the presence and the levels
of the inhibitor protein and phosphatases. These may also mean that c2NR which appeared
to be uniformly phosphorylated through time is not the major isofonn responsible for nitrate
reduction in soybean. This isofonn may have an auxiliary nitrate-reducing activity which is
used by soybean only when the activities of the other two isofonns are inhibited (Campbell,
1976).
In spinach (Huber et al., 1992a), maize (Huber et al., 1994) andArabidopsis (LaBrie

and Crawford, 1994), 32P-labeling was used to directly detect the phosphorylation of nitrate
reductase. In this study, 32P-labeling was again done to directly determine if soybean nitrate
reductase undergoes protein phosphorylation. This would support the results earlier obtained
from the magnesium inhibition assays.
Both the crude extract and the supernatant contained a considerable quantity of
phosphorylated proteins. The same bands of labeled proteins were observed in both samples.
Though soybean nitrate reductase(s) may correspond to one or two of the bands in the crude
extract, it is not sufficient to conclude that soybean NR is phosphorylated. Such a band or
bands may correspond to other proteins of similar molecular weight. Further, the presence
of such a band in the supernatant does not mean that soybean NR was not successfully
immunoprecipitated. Similar molecular weight proteins may have been retained in the
supernatant.
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The

significant

decrease

in

soybean

NRA

in

the

supernatant

after

immunoprecipitation may indicate that the enzyme has been immunoprecipitated by the anticom NR and the anti-squash NR. This was further supported by the bands seen in the
immunoprecipitate lane. Since no bands were seen in the first negative control (control 1)
wherein no antibody (only protein A-agarose) was added to the crude extract, this means that
no components of the extract can bind to protein A except through the NR antibodies. Such
nonspecific binding between the proteins in the extract and the protein A would have resulted
in false signals which do not correspond to phosphorylated soybean NR. Control 2 wherein
the NR antibody and protein A-agarose were added to a volume of NETT buffer (with NaF)
instead of to the crude extract also showed no bands in the autoradiograph. This indicates that
nothing in the buffer, antibody, and protein A-agarose can give false bands. These results
suggest specific binding between the soybean NR and the NR antibodies during
immunoprecipitation. And based on this, there is a probability that the bands seen at the
immunoprecipitate lane in the autoradiograph corresponded to phosphorylated soybean NR.
In the lanes containing the immunoprecipitate, faint bands can be seen at the area of
high molecular weight proteins (from 123 kD to 177 kD). Some of these bands may
correspond to low levels of phosphorylated soybean NR isoforms. The presence of bands
corresponding to proteins of molecular weights less than the known siz.e of soybean inducible
NR subunit

(~110

kD) may indicate that the enzyme has been broken down into smaller

fragments. The degradation of soybean NR may have occurred due proteases present in the
extract throughout the different steps of the experiment. The amount of protease inhibitors
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(leupeptin and PMSF) added to the extraction buffer may not be sufficient enough.
Two bands (approximately 39 kD and 44 kD) in the immunoprecipitate were found
to be present in all trials done for both 24 hrs. and 40 hrs. experiments. The results of this
study suggest that these bands may represent fragments of the NR protein after degradation
by proteases. The hinge 1 region (Hl) which connects the MoCo-binding domain to the
heme-binding domain was found to be readily digested by proteases, thereby removing the
MoCo domain from the rest of the NR protein (Solomonson and Barber, 1990).
Phosphorylation studies involving recombinant NR fragments (with and without hinge 1) and
mutagenesis of the hinge 1 region have revealed the specific serine residue which become
phosphorylated. Ser 543 in spinach and Ser 534 in Arabidopsis both found in hinge 1 were
identified as the phosphorylation site of nitrate reductase (Bachmann et al., 1996; Su et al.,
1996). Moreover, a known NR recombinant fragment called CcR (with hinge 1 region) from
spinach was demonstrated to undergo phosphorylation through
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P-labeling and to be

inactivated by ATP. This CcR (+Hl) fragment which contains the heme binding domain, the
FAD-binding domain, and majority of the hinge 1 region is 48 kD in size (Bachmann et al.,
1996). The two bands which were present in all immunoprecipitate samples may be the
portion of the soybean NR protein corresponding to the CcR (+Hl) fragment. The variation
in size (39 kD and 44 kD), though both close to the 48 kD size of CcR (+Hl), may be
attributed to the type of species studied (soybean) and to the presence of three different forms
of NR in soybean.
The 32P-labeling studies suggest that protein phosphorylation occurs in soybean
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nitrate reductase. However, further investigations of the two bands (39 kD and 44 kD) by
Western blot analysis and/or amino acid sequence analysis are highly recommended. These
will confirm the results obtained in this study and will provide a more solid evidence that
soybean NR undergoes phosphorylation. Moreover, the occurrence and the degree of
phosphorylation in each of the three isoforms in soybean need to be studied. This may be
done first by the separation of the three NR isoforms by chromatographic procedures,
followed by immunoprecipitation. Also, the addition of other protease inhibitors in the
extraction buffer may be done in order to isolate the intact form of NR. This will further
confirm that phosphorylation occurs in the soybean NR protein.

CHAPTER VI
CONCLUSIONS

Results of the magnesium inhibition assays revealed that all the three isoforms of
nitrate reductase in soybean undergo protein phosphorylation. The NAD(P)H-dependent
constitutive isoform (c2NR) was significantly inhibited by magnesium in all 13 timepoints
studied, thereby making it the most frequently phosphorylated among the three isoforms. This
was followed by the inducible isoform (iNR) and then by the NADH-dependent constitutive
isoform (c 1NR). Both exhibited significant phosphorylation in majority of the 13 timepoints.
Slight variations in the level of phosphorylation was observed in iNR and c 1NR, but not in
c2NR. This means that the activities of the two isoforms (iNR and ~ NR) can be regulated
through the protein phosphorylation mechanism. The regulation of ezNR activity, on the other
hand, may involve factors other than the phosphorylation of NR. These may include the
availability and the levels of the inhibitor protein (P 100, NIP or IP) and of the phosphatases in
the plant cell. The concentration of calcium and the type of protein kinases used may also
influence the phosphorylation of the three NR isoforms in soybean.

In terms of

phosphorylation, it was shown that iNR and c 1NR are more closely related as compared with
c2NR. Furthermore, this study revealed that light does not exert a significant effect on the
phosphorylation of any of the three NR isoforms in soybean.
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1brough 32P-labeling, protein phosphorylation was suggested to occur in soybean NR
both at 24 hrs. and 40 hrs. However, the degradation of the NR protein was observed as
indicated by bands corresponding to low molecular weight proteins. Among these bands, two
bands appeared to correspond to a known NR recombinant fragment from spinach. These
results suggest that soybean nitrate reductase undergoes phosphorylation and may be used
to support findings from the magnesium inhibition assays.

This research, therefore,

indicates that protein phosphorylation plays a key role in the regulation of nitrate assimilation
in soybean.
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Table Al. Summary of the one-way ANOVA of the specific activities of the inducible
nitrate reductase (iNR) with magnesium and without magnesium.
TIME
(hour)
0

5

10

13

16

19

24

29

34

37

40

SOURCE

p

DF

SS

MS

F-RATIO

Mg

I

1.311

1.311

2.435

0.194

Error

4

2.154

0.539

Mg

I

2.874

2.874

4.602

0.099

Error

4

2.498

0.624

Mg

I

3.980

3.980

37.654

0.004

*

Error

4

0.423

0.106

Mg

I

2.992

2.992

17.885

0.013

*

Error

4

0.669

0.167

Mg

I

2.458

2.458

13.942

0.020

*

Error

4

0.705

0.176

Mg

I

3.902

3.902

22.867

0.009

*

Error

4

0.683

0.171

Mg

I

2.046

2.046

33.751

0.004

*

Error

4

0.243

0.061

Mg

I

2.936

2.936

5.861

0.073

Error

I

2.004

0.501

Mg

I

2.996

2.996

9.710

0.036

*

Error

4

1.234

0.309

Mg

I

2.615

2.615

80.150

0.001

*

Error

4

0.131

0.033

Mg

I

1.534

1.534

40.435

0.003

*

Error

4

0.152

0.038
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TIME
(hour)
43

48

SOURCE
Mg

p

DF

SS

MS

F-RATIO

1

2.929

2.929

11.321

0.028

*

14.109

0.020

*

Error

4

1.035

0.259

Mg

1

3.367

3.367

Error

4

0.955

0.239

* Significant at an alpha value set at 0.05
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Table A2. Summary of the one-way ANOVA of the specific activities of the NADHdependent constitutive nitrate reductase (c 1NR) with magnesium and
without magnesium.
TIME
(hour)
0

5

10

13

16

19

24

29

34

37

40

DF

SS

MS

Mg

1

1.794

1.794

Error

4

1.472

0.368

Mg

1

4.025

4.025

Error

4

2.178

0.545

Mg

1

6.304

6.304

Error

4

1.504

0.376

Mg

1

4.564

4.564

Error

4

0.214

0.054

Mg

1

2.776

2.776

Error

4

0.441

0.110

Mg

1

4.943

4.943

Error

4

1.808

0.452

Mg

1

4.434

4.434

Error

4

0.354

0.088

Mg

1

2.439

2.439

Error

1

2.550

0.637

Mg

1

3.270

3.270

Error

4

2.709

0.677

Mg

1

3.142

3.142

Error

4

0.982

0.246

Mg

1

2.473

2.473

Error

4

0.011

0.003

SOURCE

F-RATIO

p

4.873

0.092

7.391

0.053

16.762

0.015

*

85.160

0.001

*

25.186

0.007

*

10.936

0.030

*

50.145

0.002

*

3.826

0.122

4.829

0.093

12.795

0.023

*

872.069

0.000

*
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TIME
(hour)
43

48

SOURCE

DF

SS

Mg

1

4.349

4.349

Error

4

2.912

0.728

Mg

1

3.697

3.697

Error

4

0.594

0.148

* Significant at an alpha value set at 0.05

MS

F-RATIO

p

5.974

0.071

24.897

0.008

*
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Table A3. Swnmary of the one-way ANOVA of the specific activities of the
NAD(P)H-dependent constitutive nitrate reductase (c2NR) with magnesium
and without magnesium.
TIME
(hour)
0

5

10

13

16

19

24

29

34

37

40

DF

SS

Mg

1

5.236

5.236

Error

4

1.700

0.425

Mg

1

6.354

6.354

Error

4

1.788

0.447

Mg

1

9.262

9.262

Error

4

2.257

0.564

Mg

1

6.858

6.858

Error

4

2.049

0.512

Mg

1

6.549

6.549

Error

4

0.145

0.036

Mg

1

8.303

8.303

Error

4

2.366

0.591

Mg

1

7.800

7.800

Error

4

0.580

0.145

Mg

1

5.791

5.791

Error

1

1.582

0.395

Mg

1

6.317

6.317

Error

4

2.860

0.715

Mg

1

6.980

6.980

Error

4

1.229

0.307

Mg

1

4.823

4.823

Error

4

0.125

0.031

SOURCE

MS

F-RATIO

p

12.319

0.025

*

14.216

0.020

*

16.417

0.015

*

13.385

0.022

*

180.091

0.000

*

14.040

0.020

*

53.783

0.002

*

14.645

0.019

*

8.834

0.041

*

22.711

0.009

*

153.761

0.000

*
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TIME
(hour)
43

48

SOURCE

DF

SS

Mg

1

6.641

6.641

Error

4

3.116

0.779

Mg

1

9.513

9.513

Error

4

1.765

0.441

* Significant at an alpha value set at 0.05

MS

F-RATIO

p

8.524

0.043

*

21.555

0.010

*

74
Table A4. Summary of the one-way ANOVA of the specific activities of the
inducible nitrate reductase (iNR) at different timepoints.
MG
Minus

Plus

DF

SS

Time

9

5.565

0.618

Error

20

4.205

0.210

Time

9

4.205

0.467

Error

20

2.023

0.101

SOURCE

* Significant at an alpha value set at 0.05

MS

FRATIO

p

2.941

0.021 *

4.619

0.002*

75
Table A5. Summary of the one-way ANOVA of the specific activities of the
NADH-dependent constitutive nitrate reductase (c 1NR) at different
timepoints.
MG
Minus

Plus

DF

SS

MS

FRATIO

p

Time

7

7.790

1.113

4.168

0.009*

Error

16

4.272

0.267

Time

7

3.458

0.494

4.830

0.004*

Error

16

1.637

0.102

SOURCE

* Significant at an alpha value set at 0.05
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Table A6. Summary of the one-way ANOVA of the specific activities of the
NAD(P)H-dependent nitrate reductase (c2NR) at different timepoints.
MG
Minus

Plus

p

SOURCE

DF

SS

MS

FRATIO

Time

12

7.522

0.627

1.115

0.390

Error

26

14.615

0.562

Time

12

4.372

0.364

1.363

0.245

Error

26

6.949

0.267

* Significant at an alpha level set at 0.05
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Table A7. Summary of the one-way ANOVA of the specific activities of the three nitrate
reductase isoforms without magnesium.
TIME
(hour)
0

5

10

13

16

19

24

29

34

37

40

SOURCE

DF

SS

Isoform

2

0.689

0.344

Error

6

3.923

0.654

Isoform

2

0.290

0.145

Error

6

5.442

0.907

Isoform

2

1.427

0.713

Error

6

2.392

0.399

I soform

2

2.034

1.017

Error

6

0.422

0.070

Isoform

2

1.628

0.814

Error

6

0.865

0.144

Isoform

2

0.976

0.488

Error

6

4.383

0.731

Iso form

2

0.485

0.242

Error

6

0.640

0.107

Isoform

2

0.851

0.426

Error

6

4.614

0.769

Iso form

2

1.431

0.716

Error

6

4.911

0.819

I so form

2

0.893

0.446

Error

6

1.305

0.217

Isoform

2

1.291

0.645

Error

6

0.210

0.035

MS

F-RATIO

p

0.527

0.615

0.160

0.856

1.789

0.246

14.463

0.005

*

5.644

0.042

*

0.668

0.547

2.274

0.184

0.554

0.602

0.874

0.464

2.052

0.209

18.425

0.003

*
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TIME
(hour)

SOURCE

43

48

DF

SS

Isoform

2

1.465

0.733

Error

6

5.224

0.871

Isoform

2

1.417

0.709

Error

6

2.650

0.442

* Significant at an alpha level set at 0.05

MS

F-RATIO

p

0.841

0.476

1.605

0.276
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Table AS. Summary of the one-way ANOVA of the specific activities of the three nitrate
reductase isoforms with magnesium.
TIME
(hour)

0

5

10

13

16

19

24

29

34

37

40

SOURCE

DF

SS

Isoform

2

0.312

0.156

Error

6

1.405

0.234

Isoform

2

0.390

0.195

Error

6

1.022

0.170

Isoform

2

0.023

0.011

Error

6

1.791

0.299

Isoform

2

0.293

0.147

Error

6

2.511

0.419

Isoform

2

0.034

0.017

Error

6

0.426

0.071

Isoform

2

0.031

0.015

Error

6

0.473

0.079

Isoform

2

0.527

0.263

Error

6

0.537

0.089

Isoform

2

0.032

0.016

Error

6

1.521

0.253

Isoform

2

0.113

0.057

Error

6

1.892

0.315

Isoform

2

0.028

0.014

Error

6

1.037

0.173

Isoform

2

0.136

0.068

Error

6

0.078

0.013

MS

F-RATIO

p

0.667

0.548

1.144

0.379

0.038

0.963

0.350

0.718

0.238

0.796

0.195

0.828

2.949

0.128

0.063

0.940

0.180

0.840

0.080

0.924

5.197

0.049

*
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TIME
(hour)
43

48

SOURCE

DF

SS

Isoform

2

0.145

0.073

Error

6

1.840

0.307

Isoform

2

0.066

0.033

Error

6

0.664

0.111

*Significant at an alpha level set at 0.05

MS

F-RATIO

p

0.237

0.796

0.296

0.754
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